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@ Lithium oxide based amorphous material and process for preparation tliereof. 

@ Disclosed is a lithium oxide based amorphous material 
having a composition included in the region defined by 
straight lines connecting the points A, B. C and D in the 
composition diagram of the ternary system LigO-SiOgP^s ' 
forming Fig. 1 of the accompanying drawings. This amor- 
phous material can t>e formed by sputtering using as a 
target a mixture of a lithium silicate/lithium phosphate com- 
position and LljO. This amorphous material has excellent 
ionic conductivity. 
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LITHIUM OXIDE BASED AMORPHOUS MATERIAL AND 
PROCESS FOR PREPARATION THEREOF 

The present invention relates to a lithium oxide 
based amorphous material and a process for the 
preparation thereof. 

Interest in solid lithium ion conductors has 
recently, been increasing, especially, for their use as a 
solid electrolyte of a lithium cell or an electrolyte of 
an electrochromic display device • In tbe former case, 
since the requirement for reduction of the thickness of 
the cell has been increasing with recent requirements for 
minimization of the sizes of electronic devices and 
reduction of their th.ickness^ the possiliLities for 
application have. been abruptly expanded^ For example, 
a lithi\am cell comprising an evaporated film of Lil 
as a solid electrolyte is proposed in J .Electro. 
Chem. Soc*, vol* 116^ No. 10, page 1452 (1969). Tliis 
evaporated film^ bowever, consists of a polycrystalline 
body having a tbickness of about 10 to about 15 um, and 
the ionic conductivity of the film is about 10 ^ mbo*cm 

In electrocbromic display devices, the solid 
electrolyte is used to render the device totally solid 
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and to stabilize the structure of the device. 

In "both the cases, it has "been sought to develop 
a solid electrolyte which has a high ionic conductivity 
and is stahle in the ordinary atmosphere. At present, 
however, since resistance to ionic conduction in the 
solid electrolyte is high, no satisfactory devices of 
the above mentioned types have in practice been developed. 

To increase the ionic conductivity of the above- 
mentioned device, there can be considered a method in 
which the solid electrolyte is formed into a thin film 
so as to reduce resistance geometrically. By conventional 
ceramic techniques, however, it is difficult to form a 
thin film of thickness less that 10 lom. Furthermore, by coii- 
ventional- film-forming techniques such as the CVD method 
or the sputtering method, a thin film having a high 
ionic conductivity cannot be obtained. The reascn f or this 
is that the temperature for the synthesis of an oxide 
based solid electrolyte is high, so that an alkali metal 
oxide is lost by evaporation or the like during formation 
of a thin film and control of the composition is therefore 
difficult. 

The following reference is cited to show the state 
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of the art: J. Electro. Ohem. Soc.*, vol. 124, No. 8, 
page 1240 (1977). 

It is a primary object of the present invention 
to provide a lithium oxide based amorphous material 
which can have an excellent ionic conductivity. 
Preferably, the material 6an be formed as a thin film. 

The present invention is set out in the claims. 

The invention will now be further explained, 
and embodiments described by way of example, with 
reference to the accompanying, drawings , in which:- 

Pig. 1 is a composition diagram of the ternary 
system of Li201Si02.P205* : 

Figs. 2, 5 sind ^ are graphs showing the tempera- 
ture dependency of the ionic conductivity, which are 
given for illustrating the present invention. 

The region defined by straight lines connecting 
points A, B, G and D to one another in the ternary system 
composition - diagram of Fig. 1 is a region represented by 
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the following formula: 

(2,5 - J) (1 - J) LigO-d - x)Si02--f- P2O5 

From the results of the electron beam diffractio- 
metry and X-ray dif f ractiometry of thin films obtained 
in Examples given hereinafter^ it has been confirmed 
that solid solutions having a conposition represented 
by the above formula are ctmorphous. 

these films have excellent ionic conductivity. 
From the viewpoint of the ionic conductivity^ it is 
preferred that the amorphous material of the present 
invention should have a composition included in the 
region defined by lines coxmecting points F, G and 
H in Fig. 1, especially by lines connecting points E, 
I9 J and H in Fig-. 1. 

As a material having a composition included with- 
in the above-mentioned region, there is known a poly- 
crystalline body having a composition of, for example, 
(1 - x)Iii^SiO^-xIji2l*0^. However, since this body is 
a sintered body, only a product having a thickness of 
several millimeters is obtained and the resistance of 
this sintered body is very high. Accordingly, this -sin- 
tered body cazmoi; be used as a lithium ion conductor 
in the above-mentioned devices. 

The amorphous material of the present invention can 
be obtained in the foana of a thin film having a thickness 
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of 0.1 to 50 p m, preferably about 1 to about 20 pm, and 
therefore, the resistance is low. Accordingly, the 
amorphous material of the present invention can be ef- 
fectively used as a lithiuin ion conductor of the above- 
mentioned device s« 

The amorphous material of the present invention 
can be prepared according to the sputtering method by 
using as the target a mixture comprising (1) a lithiuin 
silicate/lithium phosphate composition represented by 
the general foirmula (1 - x) Li^SiO^ -xlii^PO^ wherein x 
is a value in the rajige of 0,05 xx^ 0,95 or a mixture 
capable of forming said lithium silicate/lithium phos- 
phate composition by sputtering and (2) a lithium com^ 
pound capable of forming ^^2^ sputtering, for ex- 

ample, Iii20 •itself 02^ TjL^CO^ 

The above general formula (1 — x) Li^SiO^ -xLi^PO^ 
can be rewritten as (2 -^)Li20-(l - ^^^2*7^2^5 ' 
it indicates a composition shown by th.e broken line h. in 
the ternary system composition diagram of Fig. 1. If 
only the lithium silicate /lithium phosphate composition 
is used as the target without mixing of ^^2^ 
like and sputtering is carried out, the resulting com- 
position is one formed by removing I*i20 from the starting 
material composition, that is^ (1 - x) Li^SiO^ -xLi^PO^ - 

nLi^O, On the other hand, if Li^O is added to the above 
^ 2 
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Starting material according to the present invention 
and sputtering is carried out, a product having a com- 
position corresponding substantially to the above gene- 
ral formula (1 - x) Li^SiO^ ^xLi^PO^ can be obtained. If 
the amount incorporated of I'i2^ or the like is increased, 
a product having a composition in which the content of 
Li20 is higher than in the composition of the above ge- 
neral formula can be obtained. 

More specifically, if the ratio of lithium silicate/ 
lithium phosphate of the starting material, that is, the 
value of X, is determined, the corresponding position 
in the composition diagram "of Fig. 1 should naturally 
be determined- In short, a corresponding point on the 
dotted line h is determined. Supposing that x is 0.40, 
the composition corresponds to the crossing point of 
the dotted lines h and c. If sputtering is carried out 
by using the starting material having this composition 
as the target, as pointed out hereinbefore, the result- 
ing product has a composition formed by removing I'i2^ 
from the composition of the starting material, that is, 
a composition on the dotted line c or an extension 
thereof, which is below the crossing point of the dotted 
lines h and c and is very close to the line of 1^X2^ ~ ^• 
If a mixture of the above composition and 'Li^2^ used 
as the target, the product has a composition on the 
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dotted line* c or an extension thereof and is located at 
a higher position (on the side of I*i2^) with increase 
of the proportion of Li20* 

For example, if 1 mole (per mole of the starting 
composition; the same will hold good hereinafter) of 
1-12^ is mixed, the product o'btained has a composition 
at point 7. If the amount of I*i20 to be mixed is in- 
creased to 2, 3, 4/ 5 or 7 moles, the product comes, to 
have a composition at point 3, 8, 9, 10 or 11 on the dotted 
line c. 

•If the amount added of Li20 is further increased, a 
product having a composition in which the proportion of 
Iji20 is increased, for .eJc'ample , a composition located 
above a line connecting points A and D in Fig. 1 (on the 
side of Li20) , is obtained. This composition, however. 
Is not preferred from the viewpoint of the ionic conduc- 
tivity. Accordingly, it is preferred that sputtering be 
carried out by using Iii20 in an amount of up to 8 moles. 

Also a product having a compositfion having too 
small an amount of Iii20^ for example, a composition be- 
low the line B-C in Fig. 1 (located below the line B-C 
in Fig. 1) , is inferior in . ionic conductivity. 
Therefore, it . is preferred that the amount of Li20 to be 
mixed be at least 1.5 moles, especially at least 1.8 moles. 
It is preferred that the lithium silicate/lithium 
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phosphate composition to be used as the target be a 
lithiuiri silicate/lithium phosphate solid solution formed 
by ball-milling the starting materials and sintering 
them to effect solid phase reaction. The reason is that 
since the ratio of ^2^5 ^-^2^ Q^^ri be kept constant in 

the product, namely since the product has, for example, 
a composition on the dotted line c in Fig, 1 or an ex- 
tension thereof, by determining oiily the amount of 
Li20/ a solid solution having a desired composition 
can easily be obtained. VJhen the starting composition 
is used in the form other than such solid solution, it 
sometimes happens that the composition 'of the product 
deviates from the dotted line c. Incidentally, the dot- 
ted lines a, b, c, d, e, f_ and g in Fig. 1 indicate 
compositions of products obtained when the values of x 
are 0.05, 0.20, 0.40, 0.50, 0.60, 0.80 and 0.95, res- 
pectively. If the value of x is smaller than 0.05 or 
larger than 0.95, no good ionic conductivity can be ob- 
tained . 

As pointed out hereinbefore, a lithium compound 
capable of foanaing T^^-^ by sputtering can be used instead 
of Li20. However, compounds containing elements reactive 
with the product as. elements other than lithium and oxy- 
gen, such as halogens, are not preferred. Accordingly, 
in the present invention, it is preferred that at least 
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one compound selected from the group consisting of Li20, 
LiOH be used. 

It is preferred that such compound be used in an 
amount of 3 to 16 moles as the lithium atom per mole of 
the composition, namely 1,5 to 8 moles as the I'i2^ com- 
pound as pointed out hereinbef ore* 

The mixture of the lithium silicate/lithium phosphate 
composition and the lithixim compound may be used in the 
form of a powder formed merely by mixing the' two com- 
ponents or after molding and sintering of such powder. 

The present invention will now be described in de- 
tail with reference to the following Examples that by 
no means limit the scope, of the invention. 
Examples 1 through 6 

Starting powders of Si02 , I*±2^^3 ^^3^^^ were 

weighed and mixed so that the - ratio of Li, Si and P 
corresponded to (1 - x) Li^SiO^ •xLi3P04 in which x was 
0,05, and the mixture was reacted at 1000*^0 for 3 hours 
to obtain a composition represented by the above fomrraila. 

Similarly, the respective starting powders were 
weighed and mixed so that the ratio of Iii, Si and P cor^ 
responded to (1 - x) Li^SiO^ 'xLigPO^ in which x was 0.2, 
0-4, 0.5, 0.6 and 0.95» aixd the mixtures were reacted at 
1000 **C for 3 hoxirs to obtain . compositions of the above 
formula in which x indicated the above-mentioned valued • 
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Each so-formed composition was mixed witJi lii2C02 
in an amount of 2 moles per mole of the composition, 
and the mixture was sintered again at 1100 *^C. A 
thin film was prepared according to the sputter-up 
method by using the sintered product as the .target. 
More specifically, sputtering was carried out under a 
degree of vacuum of 2 x 10 mm Hg at a plate voltage 
of 2 KV and a deposition rate of 0.5 ym/hr with a dis- 
charge gas of Ar/02. (60/40) to form a thin film having 
a thickness of about 2 ym on a quartz glass substrate,.' 
while the substrate was being cooled with water to 
prevent elevation of the substrate temperature • 

From the results of the wet chemical analysis of 
the so-obtained thin films obtained by using as the 
target the comp6sition in which x was 0.05, 0.2, 0.4/ 
0.5, 0.6 or 0.95, it was* found that the thin films had 
compositions . corresponding to points 1, 2, 3^ 4, 5 and 
6, respectively, in Fig. 1. For example, the point 2 
indicates a composition of 0 . seLijO- 0 . SSSiOj • 0 .05P2O5 . 

The ionic conductivities (at room temperature) of 
these thin films determined according to the AC mea- 
surement method' using a blocking electrode are shown 
in Table 1, and the temperature dependencies thereof 
are shown in Fig. 2 in which lines 2", 3', 4', 5' 
and 6' indicate the ionic conductivities of the thin 
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films having compositions at the points 1, 2, 3, 4, 5 
and 6, respectively, in Fig, 1. 

The thin film of the present invention can have an ionic 
conductivity lower by about one order than that of a 
ceramic body (sintered body) prepared by the conven- 
tional process, even though the thin film of the pre- 
sent invention is amorphous. 

Table 1 

Example' No. Value x Ionic Conductivity (mho'cm^-^) 

1 0.05 <10~-'-^ 

2 0,2 1 X 10"^ 

3 .0.4 4 X 10"^ 

4 0.5 3.2 X 10""^ 

5 0.6 5 X lO"-'-^ 

6 0.95 <10"-^° 
Examples 7 through 11 

A composition in which x was 0.4, that is, a com- 
position represented by the formula 0 .eLi^SiO^ •0.4Li2PO^ , 
was prepared according to the same method as described 
in Examples 1 through 6. 

Li02 was added in amounts shown in Table 2 per 
mole of the composition so-obtained and in the same 
manner as described in Examples 1 through 6, the mixtures 
were formed into targets and thin films were prepared* 
The position numbers of the compositions of the obtained 
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thin films in Fig. 1 and the ionic conductivities (at 
room temperature) of the thin fijLms determined in the 
same manner as described in Examples 1 through 6 are 
shown in Table 2. The temperature dependencies of the 
ionic conductivities are shown in Fig. 3, in which 
lines 7', 8', 9', 10' and 11* indicate the character- 
istics of the thin films obtained in Exanqples 7, 8, 9, 
10 and 11, respectively, and the line 3' indicates the 
characteristic at the point .5 for the purpose of com- 
peorison. 

Table- 2 



Exeunple 
. No. . 



7 
8 
9 
10 
11 



Amount (moles 
per mole of 
starting compo- 
sition), of. Iii.^ 

1 
3 
4 
5 
7 



Position Ionic Con- 

Number of ductivity 
.Composition (mho*cih~J-) 



7 
8 
9 
10 
11 



< 10 



-10 



4 X 10 

1.5 X 10 

1.7 X 10 

8.7 X 10 



-7 
-6 
-6 
-7 



Examples 12 through 19 

The same lithium silicate/lithium phosphate com- 
positions as used in Examples 2, 4 and 5 and com- 
positions where the mixing ratio of the starting ma- 
terials was changed and the value x was adjusted to 
0.8 were synthesized, and they were mixed with I.i20 
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in various amounts* The mixtures were treated in the 
same manner as described in Examples 1 through 6 to 
obtain films having compositions corresponding to posi- 
tion numbers of 12 through 19 in Fig", 1. The position 
numbers in Fig. 1 correspond to the Example numbers. 
More specifically, the thin films obtained in Examples 
12, 15, 16 and 18 had compositions of 0 . 69Li20: 0 . 28Si02 
O.O3P2O3, 0.74Li2O-0.09SiO2 -0 .I7P2O5, 0 .59Li20 • 0 . 14Si02 - - 
O.27P2O5 and 0.78Iii2O-0.07SiO2-0.15P2O5, respectively. 

The ionic conductivities of the so-obtained thin 
films (at room temperature) are shown in Table 3, 
fr^y. Table- - 3 . 

Example No ,- Ionic Conductivity (mho -cm ) 



12 


<r 


2 


X 10 ' 


13 


5- 


1.6 


X 10"^ 


14 


r 


5.5 


X 10 ' 


15 


5" 


8 


X 10"^ 


16 


% 


1 


X 10-^0 


17 




< 


10-1° 


18 




4 


-9 

X 10 


19 




7 


X lO"® 



Example 20 

Sputtering was carried out by using as the target 
the same mixture of 0 . SLi^SiO^ -0 . 4Li3P04 and 5Li20 as 
used in Example 10, while the siibstrate holder was cooled 
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by liquid nitrogen so as to maintain the substrate tem- 
perature below - 20**C during the sputtering step. The 
composition of the obtained thin film was the same, as 
that of the thin film obtained in Example 10, but the 
ionic conductivity (20' in Fig. 4) of the thin film 
obtained in this Example was excellent over that (10" 
in Fig. 4) of the thin film obtained in Example 10. 

As will readily be understood from the foregoing 
description^ accoirding to the present invention, a thin 
film having a much higher ionic conductivity can be ob- 
tained even if the thickness is smaller than 5 ym^ Since 
the thickness of the thin film according to the present 
invention is about 1/1000 of that of a bulk material, 
and therefore, the resistance of the device to conduction 
of ions can be reduced to about 1/1000. Accordingly-, it 
is expected that prominent effects can be attained when 
the thin film is used as a solid electrolyte for various 
devices. Furthermore, although the thin film of the pre- 
sent invention is amorphous, it can have ionic conductivity 
comparable to that' of the crystalline body, and therefore, 
the thin film need not be crystallized by a heat treat- 
ment after sputtering. It is expected that the thin film 
of the present invention will be very valuable as a ma- 
terial for various electronic devices. 
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CLAIMS;-- 

!• A lithium oxide "based amorphous material 

characterised in that it has a composition included in 
the region defined by straight lines connecting the 
points A» B C and D in the composition diagram of the 
ternary system I#i20.Si02*P2°5 forming Pig. 1 of the 
accompanying drawings. 

2. A material according to claim 1, of which the 

composition is included in the region defined hy 
straight lines connecting the points and H in . 

said composition diagram. 

5. A material according to claim 1^ of which the 

composition is included in the region defined by 
straight lines connecting the points J and H in 

said composition diagram. 

4. A material according to any one of claims 1 to 

5, formed in a body having a thickness in the range 
0.1 to 50 pm. 

5. A process for the preparation of a material 

according to any one of claims 1 to which comprises 
sputtering using as a target a mixtuxe comprising the 
components (a) a lithium silicate/lithium phosphate 
composition having the general formula . . 

(1 - x) Iii^SiO^.xLi^PO^ - (I), 
where 0.05 < x < 0.95 or a mixture capable of forming such 
a lithium silicate/lithium phosphate composition on 
sputtering and (b) LigO or a compound capable of forming 
LigO on sputtering. 
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6. A process according to claim 5» wherein the 
lithium silicate/lithium phosphate composition is a 
solid solution. 

7. A process according to claim 5 or claim 6^ 
wherein the component (b) is present in an amount of 

3 to 16 moles of lithium atoms per mole of the lithium 
silicate/lithium phosphate composition. 

8. A process according to any one of claims 5 to 7j 
wherein the component (h) is at least one of LigO^ 
LigCO^ and LiOH* 

9. A process according to claim 8, wherein component 
(b) is LigO- 

10. A process according to claim 8, wherein 
component (b) is LigCO^^ 

11. A process according to any one of claims 5 
through 10, wherein x in the general formula (I) is 
given by 0.10 x < 0.80, and the material prepared 
has a composition included in the region defined by 
straight lines connecting the points E, P, & and H in 
said composition diagram of the ternary system 
LioO.SiO^.PoOc ' 
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FIG. 2 
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